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COMPARATIVE RESULTS OF TESTS ON SEVERAL
DIFFERENT TYPES OF NOZZLES*

By M. S. Kisenko
SUMMARY

This paper presents the results of tests conducted
to determine the effect of the constructicnal elements
of a Laval nozzle on the velocity and pressure distribu—
tion and the magnitude of\the reaction force of the jet,
The effect was studied of the shapes of the entrance
section of the nozzle and three types of divergent scc—

~tions: namely, straight cone, conoidal with cylindrical
end picce and diffuser obtained computationally by a
graphical method due to Professor ¥, I, Frankl, The ef—"

- fecet of the divergence angle of the nozzle on the jet re—
action was also invegstigated, The results of the investi-
gation showed that the shape of the generator of the inner
surface of the entrance part of the nozzle sssentially has
no effect on the character of the flow and on the reaction,
The nozzle that was obtained by graphical computation assured
the possidility of obtaining a flow for which the velocity
of all the gas particles is parallel to the axis of symmetry
of the nozzle, the recaction being on the average 2 to 3 per—
cent greater than for the usuval conical nozzle under the
same conditions, For the conical nozzle the maximum roaction
was obtained for a cone angle of 25° to 27°, At the end of
this paper a sample computation is given by the graphical
method, The tests were started at the beg1nn1ng of 1936 and .
this paper was wrltten at the same tlme,

R R N A T

INTRODUGTION

The operation of certain machines and apparatus, for
example, steam or gas turbines, rocket motors, and wind

*Heport No, 478 of the Central Aerowﬁydrodynamlcal Insti~'
Y tute, Moscow, 1940.
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tunnels, is based on the transformation o¢f the potential
energy of -the-gas contained in a sertain llmlted volune
into kinetic energy of the Jet flow1np out of a container
with a large velocity through nozzles of one type or
‘another.

For obtaining Jjets with subsonic velocities cylin—
drical nozzles are used while conical nozzles (laval
nozzles) are used for superscnic velocities.

The theoretical velocity of outflow is generally
denoted as that velocity w?'! which would be obtained
if the flow process were a reversible adiabatic or
isentropic process, that is, if the condition were sat—
isfied :

ds = 0
or '
Tds = 48 —= 2B =0
p
where
T' absolute temperature of the gas
0 heat contant or enthalpy
] entr opy
pol pressure
p dehsity

Actually the flow procass is not reversible and
i{sentropic. The transfer of hea% to the nozzle walls
and the friction of t¥He gas particles at the walls lead

to an increase in the entropy so that always ds > O,
The true velocity w will, therefore, be less than the
theoretical velocity w'. The ratio of these two veloce-—

dtdies is. dcnctod as the ve10c1ty coafficlnnt ¢ = w/w'.

A0 et
B ‘,N...‘.__.

It should be noted that the transformatlon in the
nozzle of the potcontial encrgy into kinetic occurs with
a high degree of cefficiency. The velocity coefficient
¢ cven for a nozzle with rough inner surface is still
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near.unity and does not drop below O. 92, TFor nozzles
with a highly polished suxface and of a correctly degigned’
shape ¢ reaches a value of thé order of O 98.

Another important criterion for judging thn quality
of a nozzle is the ratio of the true discharge G in
unit time to the theoretical discharge G'. This ratio
is de?oied as the discharge coefficient through the nozzle:?
w = G/G

The coefficients o and dejend.on the initial

-state of the gas, the degree of expansion of the #as in

the nozzle, and apparently, on the geometric character—
istics of the latter. The values of ¢ and u for
each nozzle are determined. experimentally. 1In particular,
the coefficient ¢ may be computed as the ratio of the
momentums obtained experinmentally to the theorctical
(assuming p = 1). (This assumption is admissible only
for comparison purposes. In general, however, W 1is
always less than unity.) Thus, knowing the discharge -
ratec per .second G, and the force of reaction obtained
experimentally, and remembering that

while the thoorectical reaction of the Jjet is

]
*P! = EE— = nw!

g
there is obtaincd
o p | |
=357 (1)‘
A correctly chosen shape of nozzlg should assurc

a flow with uniformly distributed veclocities and static
pressures both in the transverse and longitudinal sce—

rions of the flow. *h@ direcction of the velocity of all

the Gﬁ???cles of ga’s EHEEIE b6 paredidel - to the axis of

symmetry of the nozzle.

In the case of nozzles for turbines and rockets the
satisfaction of these reguirements is nceessary in order
to avoid losses in momentum. For nozzles of wind tunnels,
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however, the conditiod of parallel velocities aof the gas
particles must be .satisfied since otherwise the character
of the flow about the bodies tested in the tunnels would
not dbe simildr to the flow in free flight.

In this paper the results are presented of te=ts
undertaken with the spacial purpose of determining the
effect of the constructional elements of the nozzle on
the ﬂagn1tude of the reaction of the jet and on the char-—

acter of the velocity and pressure dlstrlbutlon in the
flow. :

TEST PROCEDURE

The reaction of the Jjet can be measured by two
‘methods. By one method the impulse of the Jjet is measured
with the aid of a disk fiounted normal to the directicn of
the jet and connected with a dynamoumeter (fig. 1). ZXKnow-
ing the rate of discharge per second the true velocity
of the flow can be determined by the momentum eguation.

Thus, if P is the thrust measurad by the dynamometer,
m the mass of air flowing per second assuned constant, and
w the flow velocity then by definition:

P = nmw (2)
whence
' P
W = e : (3)

m .

The other method is based on the direct neasu;enent
of the jet reaction expressed by equation (2). In general,
equation (2) is valid enly in the case that Pa -~ the pres-—.
ure of the gas in the outlet cross—section of the nozzle —
and ©p, — the pressure of the external medium—are stirictly
equal to each other. The nozzle satlsfylng the condition
P, .= Py will be denoted’as the normal or computed nczzle.

In the case of the inegquality pg # P, equation (2) must
Ye renlaced By tHe "EXpreswlon= e 4

P = mw+f (pa-—pc) : (4)

where fa 19 the area of the outlet section of the nozzle.
The last term on the right side of the above equation is
the static term.
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Actually a nozzle rarely operates under the computa—
tional assumed conditions and therefore the investigation
of the effesct of the static term on the value of the thrust
is of considerable practical interest, In order to measure
the reaction of the jet by the second method an apparatus
wag constructed (general view shown on figs, 2 and 3).
The tube 1 serves to conduct the compressed air to cylinder
2 which, with the aid of a flange, 1g connected to tube 1,
Cylinder 2 is gurrounded on top by a Jjacket & which at its
" upper end is supported against the ball bearing 6 and can
rotate about cylinder 2, To cylinder 3 on the two diamet—
rically opposite sides are attached two tubes 5 and 5a, To
tube 5 is attached the weight 9 as a counterweight of chamber
7 with the tested nozzle 8 attached to tube 5a, A long thin
manometer tube is attachsd to connecting tube 11, 1In the
case where the working gas consists of the products of com-
bustion the spark plugs 14 serve to ignite the fuel mixturs,
For the same purpose an opening is provided for mounting a
spark plug in chamber 7, To make cylinder 3 airtight a
labyrinth packing is placed between the outer surface of
the cylinder and the inner surface of the jacket 3, More—
over, for the same purpose the water between cylinders 2
and 3 was put under a certain pressuré, greater than the
pressure in cylinder 2. The water is gupplied through tube
13, In working with the products of combustion this water
serves also to cool c¢ylinder 2, Practical operation of the
apparatus showed that the hermetic sealing of cylinder 2
was assurcd by the labyrinth packing alone and theres was no
necdof a water back pressure, The fiber plate 10 scrves as
a safety valve in casc of a sudden rise in pressure in cyl-
inder 2, Chanmber 7 is sgupported at the bottom on the dyna-
" mometer with the aid of which the reaction force is mecasured,
The apparatus also permits the carrying out of a qualitative
comparison of two nozzles., TFor this purpose, in place of the
‘plug 12 in chamber 7, a second nozzle is screwed in the re=
action of which is directed opposite to that of nozzle 8,

K.

(3}

[
i,

= R s

- To measure the rate of discharge of the air through

the nozzle a so—called diaphragm is placed in pipe 1 (not

: shown on the sketch), The pressure difference h at the

e inlet and outlet of the diaphrédm is mcasured by a differ—

_ ential mgnometer of the Yasinsky type. The firet term in

7 expredsTon (4) £OFthe teastion fofce 6f the jot,; that is, =
the momentum, is measured near the nozzle by a dynamometer
with disk placed normal to the nozzle axis, the distance
from the outlet section of the nozzlc to the center of the
disk should not be greater than two diameters of the jot
in order to avoid the unfavorable distorting action of the
disturbed outside air sucked in by the Jet,

Lo - wm
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The dynanmic head was measured with the aid of a

" system of Pitot tubes mounted on the disk for measuring.

the momentum (fig., 4), the distance between the individual
tubes being equal to 5 millimeters, By displacing the
tubes along the axis of the jet the true dynamic pressures
along the diameter and along the axis of the Jjet may be -
determined

"KnOW1ng the value of the dynamic pressure for a given
point it is not difficult by the known formula of Raleigh
(referance I) to obtain the true velocity, PFrom numerous
tests it was found that the values of the velocities ob—
tained by this formula are very nearly the true flow
velocitias. : - :

Figure 5 gives .the curve, computed by the Raleigh
formula, of the dynamic pressure in a supersonic jet flow
as a function of the Bairstow (or Mach) number (w/ec),
This curve may be used to determine the actual velocity
of the surersonic flow (or the value of w/c) from the
dynamic pressure experimentally obtained,

-The temperature in the chamber ahead of the diverging
nozzle was measured with a thermocouple, The temperature

of the air in the flow was determined on the assumption of
adiavatic expansion of the gas in the nozzle by the formula:

k-1

T = Ty (g;) . o | . (7)

whére

T.:aﬁd Py  temperature aﬁd pressure of the gas in the chamber
T  §n¢ P 'corresponding parameters after expansion

k' | ‘ ratio of specific heats

The static pressure in the flow was measured by a tube

- placed: in -the gasLflow . with its axis. parallel to the velocity

direction, Figure 6 shows the static tube mounted in the flow,

Besides determlnwng the above thermodynamic parameters
the flow spectrum was also photOnraphed by the Tepler method
durlng ‘the tests,
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. GAS JET OF SUPERSONIC VELOGCITY
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@§~ In investigating the motion of gases with small
ﬁ} velocity the phenomenon of compressibility is generally
F%’ not taken into account, The error in the pressure com—-

putations of the flow with the compressibility neglected
constitutes about 2 percent at speeds of 100 meters per
sgcond,. At speeds of the order of 200 meters per second,
however, this error is more appreciable and constitutes
about 9 percent while for w = 340 meters per second,

that is, for flow velocities equal to the veloc1ty of
sound, the error reaches 27.5 percent,
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Figure 7 shows the law of velocity distribution inm
the transverse cross—section and figure 8 the velocity
and static pressure distribution along the flow axis
for a conical Laval nozzle, As may be seen from the
curves the velocities and static pressures in both in
the transverse and axial sections are not constant, The
sharp, almost periodical fluctuations in the values of
the static presyures aro explained by the fact that in
the sonic and supersonic flow a very complicated system
of stationary waves arises, These waves were first ob-
gserved by Hrnst Mach in whose honor they arec called Mach
waves,

&3
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To explain the physical nature of the Mach waves
a two-dimensional flow with velocity grcater than that
of sound is considéred (fig, 9)., It is assumed thet the
pressure in the outlet cross section of the nozzle 7P,
is greater than the pressure pgo~ 0f the external medium,
At the outlet section at point A a disturbance then
arises as a result of the discontinuous pressure drop from
Pg “to. Pqe The rarefactiOn wave having a velocity always

equal to the local velocity of sound is propagated only as
far as the line AB, The latter is a Mach wave and is essen—
tially the envelope of all the sound waves arising at point
A, The Mach wave AB 4is thus the boundary of the rare—
faction disturbance starting at point A, The expansion of
the gas in the region ABC from P, to P, produces a
.change in the radial ve10cit1es of the flow rarticles ‘as

a result of —hich the diréctidn 6f FHE “fTow from line AB
deviates tovard the outside until the pressure is equal to
that of the outside medium (line AC) after which the flow
again Bocomes straight, 1In the case where the pressure in
the outlet section of the nozzle is less than -the pressure

oo byt T L2 L
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of the outside medium, that is, p, < Pos the deviation
~of the flow will be directed inward, Therefore in the

?‘ "first case, that is, D, > P, the diameter of the flow
- will be greater than the diameter of the outlet gection
;% of the nozzle while in the second case, p, < p, the
8 diameter of the flow will be less than that of the out—
é let section, In this case the line AC is abgsent from

by
!

sl

~the flow spectrum, Thus in a flow with axial symmetry
the expansion due to the inequality of p, 'and p,
will occur in the region included between the two conical
Mach surfaces with the corresponding generators AB and
AC,, In the region lying ahead of the Mach line AB the
disturbing effect of point A is entirely absent and the
pressure in this part of the flow remains equal to the
pressure in the nozzle cross—section,

The angle of inclination of the Mach wave o 1is
determined by the ratio of the local velocity of sound
to the velocity of the gas before expansion and the angle
o! by the same ratio after expansion, that is,

gin g = £ :
- o (8)

The Mach wave diagrams of the supersonic plane-
parallel flow for py, > P, &and Py < P, are shown in

figure’lo and 11, The spectrum of the flow for p, > p,

is considered, The rarefaction wave AC on reaching the
boundary layer of the jet is reflected toward the inside
of the Jjet in the form of compression waves (the compres—
sion waves are drawn full line and the rarefaction waves:
dotted)s In regions 2, 3, 5, and 6 the static pressure is
equal to the pressure of the surroundlng medium, while in
region 4, separated from the outlet section of the nezzle
by a distanca of two rarefaction waves, the prevalling
pressure will be lower, Inr region 7, immediately behind
the compression waves, the pressure will be the same as
in region 1, and there is, therefore, a definite disturb-
ance period present, Analogous considerations apply to
~ the relations of figure 11, The waves AC and 4,0, in

"this ¢ase will be compression waves and there will be
corresponding regions of increased and lowered pressures,

¥ ‘The above description of plane~parallel flow cannot
: without reservations be entirely identified with the flow
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, with axial symmetry because the actual flow is three
v - dimensional.and a Mach wave will be formed at each point
. on the circumference of the outlet section,

The Mach waves may be formed not only in the flow
behind the outlet section of the nozzle but also within
the nozzle, The latter waves will oceur only in case
the nozzle has a large divergence angle, as a result of
which the flow separates from the walls even within the
nozzles, or in case of a very rough inner nozzle surface,

On the basis of what has already been said the €0onN—-
clusion may be drawn that the nonuniformlty of the static
‘pressure distribution in the supersonic flow is explained
by the presence of Mach waves.in the flow, This conclusion
is entirely confirmed a2also vy the results of the tests con-
ducted, Besides the effect of the stationary sound waves
the friction of the gas particles at the nozzle walls and
at the external medium also .agffects the btransverse and
axial velocity distribution,

There 18 still another factor that must be mentioned

which affects the velocity distribution of the flow, As

test results have shown, the diameter of the flow, with
increasing distance from the outlet section of the nozzle
increases as a result of the sucking in of the outer air
p by the jet, This suction takes place with simultancous
4 decrease in velocity along the jet, To investigate this
§ phenomenon the following tests were conducted, A screen

of thin constantan wires stretched on two porcelain rods

was mounted near the jet ascaping from the Laval mnozzle,

The wires were heated to a red heat by an electric current
passed through them, The Tepler photograph (fig, 12)

shows clearly the direction of motion of those air particles
which before being sucked into the stream passed by the
heated wires, As may be seen from the photograph the.suection
"begins at the outlet section of the nozzle, ®vidently, with
increasing distance from the nozzle the quantity of air sucked
into the air stream increases and therefore the flow velocity
correspondingly decreases, the decrease being zreatest at the
boundary layer, » :

*mfﬁﬂﬁhnut&iaisbvﬁewménﬁionedhthatxths:flnwvobtained-for
nozzles with 1p, + Po. Will always have nonuniform velocity
and pressure distributions ag a result of vortex formation

and the dissipation of the jet at the outlot section of the
nozszle, '
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EFFECT oF STRUGTURAL ELEMENTS OF THW NOZZL® ON

¥
]
-

it . [

sy

THw THRUST AND GHARACATWR OF TH®W FLOW "

e

The nozzle cavity (fig. 13) is divided into two
parts, The first part converges toward the narrovest
ecritical section while the second part 1s a diverging
cone having an 8% to 12° cone angle, The eff@ct of each
of these parts on the charagier of the flow and on the
magnitude of the reaction force of the jet with the ob--
ject of finding the most rational shape of nozzle isg to
be considered,

o

W - Ceonverging Part of Nozzle-

In this case if the flow into the nozzle is from a
vessel whose volume is many times grecater than the volume
discharged per second the veclocity of the gas at the con-
vergent section is generally neglected so that the shape
of the first part is likewise not taken into account, The
only requirement for this part of the nozzle is that it
should be carefully rounded and that it should assure a
smooth flow of the gases., The smoothing curve is chopsen
on an intuitive basis, Considering, however, the motion
of the gas in this part of the nozzle as analogous to the
motion of a fluid in a curved channel it may be concluded
that as a result of the curvature of the path centrifugal
pressures occur in the flow, The direcction of these pres—
sures will alwgys be away from the center of curvature,
Hence in the first part of the nozzle the pressure near
the axis will be greater than at the walls, Near the crit-
ical section the opposite will be trus since at this place
the curvature of the walls is reversed with the center of
curvature outside the nozzle cavity, It is thus clear that
the pressure and.velocity distributions in this part of the
nozzle will depend on the radii of curvature of the inner
surface of the nozzle. From investizations of the nozzles
‘ of wind tunnels of supersonic velocities in various aero-

" dynamic laboratories the dependence of the character of the

) flow on the shape of the gencrator of the inner surfacc at

" the-entrance -part -of-the. nozzle was cstablished, The nozzles
of wind tunnels of subsonic vclocities have no second (a1~
vergent ) part,

v

Figure 14 shows the distribution of the dynamic Pres—
sures q in the flow cross—gection for two nozzles with
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different shapes of entrance parts and figure 15 shows the
distribution of the dynamic pressures g and static pres—
sures A along the axis for the same nozzles (reference 2),
The dotted curves were obtained for nozzles for which the
generator of the entrance part is a lemniscate and at the
outlet is an are of a circle (CAHI T-5), The continuous
curves wererobtained for nozzlgs whose inner contours wcre
constructed by the formulsa

: : Ty .
r = e v o - ' s wnpme (9)

b

where

To radiwg of the outlet gection

Ty radius of the inlet section

T variable radius at the distance 2 from the origin

of coordinates
a/4/3 length of the projection of the curve on the z—-axis

From the tests conducted at CAHI it was found that it was
best to take

2. = 4,14 ¥,

3

~ This formula was obtained by Witoszynski (reference 3)
and represents the case of a particular solution of the
Laplace cquation for the stream function (referencé Z)., As
may be seen from figures 14 and 15 the velocity and static
pregsure distributiong in the flow are more satlsfactory
for the nozzle computed by Witoszynski,

With the object, of determlning the effect on the re—

act1on force of the shape of the first .part of a nozzle

having also a diverging part (Laval nozzle) the following
tests were conducted, Three nozzles were prepared:1l, 2,

and 3 (fig, 16), for which the diverging parts were entirely
the same, that is, the diameter of the outlet section d,,
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the diameter of the critical section d, and the cone

%é~- ~angle o were:.egual but the shapes of the entrance parts

? : were 4different, The shape of the curve for the entrance

S part of nozzle 1 was constructed according to the Witoszyn-
éﬁ ski equation, Nozzle 2 differed from nozzle 1 in that the

former had two rings at the entrance part, PFinally, nozzle
2 had a nonstreamline . ghape for the entrance part, - All
three nozzles were computed for w/e¢ = 2,64, The thrusts
of the nozzles werec measured by the reaction method on the
apparatus previously described, 1In table 1 the values ‘of

;j' the measured thrust and the velocity coefficients ¢ com-
ﬁﬁ puted by formula (1) are given,: ‘ .
i
i@
& -
K TABLY 1
. Nozzle P kg P Percent

1 30,3 0,966 100

2 29,9 . 953 98,7

3 29,8 « 950 98,23

The magnitude of the theoretical impulse P! was
determined on the basis of the following considerations,
The thermodynamic parameters of the air in the chamber
during the test were taken as the following; p3j = @l.b
atmospheres, T; = 273° Remembering that the flow is
open the static pressure in the flow may be taken approxi—
mately equal to the pressure of the external medium, that
is, p = 1 atmosphere, The temperature of the air in the
flow was computed by formula (7)

A k-1
s N\ k
- P
T= T (5;)

The theoretical absolute velocity of the flow was
found from the equation

.—.—,---

/2g.—..t-— RT Ll - (—5- ] _ (10)

;
|
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and the theoretical discharge per second through the
‘nozzle-obtained .from the expression

G =~ ()

where v is the specific volume of gas in the flowl Sudb--
stitutinz the numerical welues there is obtained

T = 116°, w! = 565 meters per second, G=0,545 kilogram

per second, Hence the theorctical thrust of the nozzle is
equal to

0.5645

P! = mw! =
: 9,81

565 = 3l.,4 kilograms:

The maximum thrust obtained €£rom the tests on nozzle
1 was egual to 30,3 kilograms, As may be seen from table
1 the values of the velocity coefficients obtained for
all threce nozzles do not exceed the limits of the values
usually assumed in the computations, For nozzle 3, having
an entrance part of unfavorable shape the velocity coeffi-
cient ¢ is 1,8 percent less than the value 100 assumed
for nozzle 1; for nozzle 2 ¢ was only 1,3 percent less,

It must be said that the effect of an improvement in
shape. of the first part of the nozzle on the coefficlent o
is negligible and lies within the limits of cxperimental
error, Remembering, however, that the values of ¢ were
obtained as the average values of a large number of tests
¢ (not less than 15 tests for each nozzle) these values may
be considered as entirely satisfactory.

The flow spectra obtained by the Tepler method are
similar for all three nozzles, MNvidently a change in
shape of the first part of a Laval nozZzle has no eficct
on the velocity and static pressure distributions in the
flow

w

ISt

Divergent Part of the WNozzle

, Depending on the ratio of dimensions of the outlet
and critical cross—segctions in the conical part the expan—
sion of the gasesgs is accompanied by a2 drop in pressure from
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_that at the critical section p. = 0,528 py (for air)
to the outside pressure, In tHe cass of nozales for

vhiceh the ratio of the eone dlameters was agsumed greater
than tho design value the pressure inside the cone may:
drop Below the pregsure of the external medium (back pres—
sura), As 2 regsult of this expansion the prossurc rise at
the outlet oceurs abruptly being accompanied by a loss in

'velccity.

The character of the velocity and static pressure dis-

 tribution in the flow from a conical nozzle depends chiefly

on the structural elements of the second part, that is, on
the ratio d,fd, or, for a given length of nozzle on the
divergence angle a and also on the c¢ontour of the inner
surface of the nozgle,.

Posscssion of & general solution of the problem of the
optimum shape of the divergent part of the noezszsle is not
yet obtained, Some invegtigators, it is true, have suoceecded

in solving this prodlem, experimentally, for certain condi.

tions, Stanton found empirically the ghape of the nozzle
for the supersconic velocity wind tunnel at the Natianal
Physical Lavoratery, This nozzle gives a flow free from
Mach waves in the working part of the tunnel, The Stanton
nozzle differed from the usual Laval nozzle in that the
divergencs angleoof the canical part did not exeeed 5% as
compared with 10  to 12° usually assumed for the Laval
nozzle,. In additlion the conical part of thoe nozzle smoothly
passes oyver into a ¢ylindrical piece at the outlet,

Figure 17 skows the ¢urves of variation of the statie
pressure p and velogity w for this noszzle,. As may be
seen from the curves the cylindrical part has an interval
where the curves p and w are almost parallel to the
nozzle axis, that 1s, constant,. This part was the one
chogen for the test model,. Tho dot ted curves on the fig-
ure give: the noz3lo shape computed under conditions of

. adiabatie oxpansion of the air in the norszle without taking

account of the decrease in velocity due to friction at the
wall, This confirms: the adiabatic lav of expansion of the
air in the nozzle..

b ¥ A T SR b 1 A W o & el s

SRR . -

i A P S

¥ith the object of studying the effect on thc character‘
of tha flov of the shape of the curve generating tho socond
part of the nozzle a2 number of noszles with conoidal inner
surface and cylindrical picece at the outlet —era investligated,
Tho nozzles were tested for wile = 1,41, 1,83, 2.24, and 3,74,
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The results of all the tests wewe similar and therofore

the test rosults for only -one nessle for wfle = 1,82

are given, The statie pressures measured slong the flow
axls at varioug heights (H mm) from thd outlet ssction are
given for thig nozzle in table 2, The temperature of the
air in the flow bohind the nozzle was computed dy formula
{7) on tho basig of the measured ailr temporature in the

.chamber,
TABLE 2
E | o | P 2 , R
Test (mm)_tioc tQiQ (atm) Test | (mm) ti°n to ¢ (afm)
1 5 | 190 8 | 0.743 11 50 0 |=«110{1.20
2|15 | 196 9l 749 12 60 o ~110|1,40
8 | 25 | 185 211,10 153 60 0 ~110{1,40
4 | 70 | 200 13 | .667 14 80 | ©O -110/1,40
5 | 50 | 185 5] .680 15 70 0 -110]1,25
6 | 40 | 195 91,10 16 70 0 ~110{1.25
7 | 40 o] 110]1,30 17 80 0 ~110} ,910
8 | 40 0 |-110{1.20 18 80 0 -~110{ ,922
o | 50 0 |-110{ 1,20 19 90 0 ~110] ,624
10 | 80 0 }-110 11,20 20 90 ] ~110} .624

From the data of table @ the curve of static pressurg disg
tridbution along the flow axis ‘was. drawn (fig, 18)., As

may be seen from the eurve the static predsure digtribution
{8 axtremoly variable, The pressure gradient at the center
of the jet reaches a value of the order of +0.4 atmospheres,
In order to sliminate the effect of possible accidental
errors the measurements for a few pointswere repeated on
various days, The scatter of the test points obtained in
cortain cases may apparently be explained by the effect of

‘the variable atmospheric conditions (temperaturc and baro-

metric pressure) not taken into account,

- Gomparing this curve with that of the statie pressure

.eurve_at the center of the flow obtained By Stanton for the

usual conical nozzlo (£ig, 8) the agreement of the law of

. variation of static pressures along the axis of the flow

can be readily established, The curve given hare 1is
reversed (mirror vreflection) with respect to the Stanton
curve, a fact which is evidently explained dy the differont
procedure in evaluating the test results, Figure 18 elso
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showg the .curve of velocity distribution (w/c) measured

along the flow axis, As may be mean from the curve the
velogity at the center of the jet oaver a distance from
50 to 90 miliimeters from the outlet section is almost
constant, ZFPor the conical nozzle (fig, 8) the curve

w/e canuot be asgsumed constant over any part of the
flow, , :

- Tests were also condycted for measyring the static
pressure p, at various distances r from the flow axis,

The resulty of thesse testy are given in tadble Be

TABLE 3
: S r Py P
(mm ) {mm ) (atm) . {atm)
' (center)
a0 | 10 1.00 |
‘ s 1.20
40 6 1,00 J
6& » 1.26 Y
o j= 1,40
50 10 | 1.20
70 10 1.20 1,235

The pressures at the center of the jet are greater

"than tha pressuregs at the periphery,

The erbss-gectional velocity distribution for the
same nozzle, as may be seen from ths experimental test
curves (fig,19), is more satisfactory than for the conical
Laval nozzla (fig. 7)e On this basis it may be concluded
that the conoidal shape with cylindrical end piece gives
2 considerably better {(cross—-sactional and axial) veldcity

~Adistribution than the Laval nozxle, The nonunifermity of

the static pressdiréd 1g¢, howeve¥, also maintained for the
conoidal nozzle,

In 1934 Prankl (reference 4) published a methoed of
graphicel construction of the second part of the nozzle,
This method iy bamed on the theory of characteriwtics and
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ﬂm;is an application of the method of Prandtl and Busemann,
developed by them for plane-=parallel flow, to the case of.

flow with axial symmetry,

Figure 20 shows a nozzle constructed graphically dy
the Frankl method, The dotted lines indicate the cowntours
of the usual conical nozzle with the same ratio da/dc

as for the Frankl nozzle,

Figure 21 shows the curves of the static pressure
gradient along the flow axis for the Frankl nozzle for -
w/e = 1,47, The pressure gradient for the design condztion
(p; = 8,49 atm) does not exceed 0,02 atm.,, For the 'case
where the nozzle operategs at other than design conditions
(p1 = 4 atm) the axial static pressure distribution ig less
satisfactory as compared with the degign conditions, The
same figure gives the curve of velocity variation along the
flow axis, As may be seen from the curve the velocity re~
mains constant at a distance of 30.to 90 millimeters from
the outlet section,

For the same nozzle tests were conducted on the trang-
verse velocity distridbution, The results are given on fig-
ure 22, For the design conditions (full curves) the veloc—
ities over the crass—section are uniform with a slight drop
at the boundary of the flow, Near the exit section of the
nozzle the nonuniformity of the velocities is greater, The
dotted curves show the velocity distribution for pressures
of 4, 5, and 6 atmospheres, As may be seen from the curves,

- the Frankl nozzle for other than design conditions gives a

flow with nonuniform cross-—sectional velocity distridbution,

Tor the same nozzle the reaction of the jet was measured,
It was found that the thrust for the nozzle computed accord—
ing to Frankl is approximately 2.5:t0 3 percent greater than

~the thrust of the udual conical nozzle with same d /d

ratio, In the case of applicatzon of this nozzle to rocket

- apparatus, however, it is necessary to take account of the’

fact that the length of the F¥Frankl nozzle is almost twice
its equivalent conical nozzle., Therefore the heat losses
over the nozzle surface durlng prolonged operation of the
rocket motdr will be- g¥egter than for the conical nozzle,

Simultanecously with the tests for w/e = 1,47 tests
were also conducted for the Frankl nozzle for w/e = 1,47,
1,62, 1,76, 2,06, and 2,64, The curves of dynamic and static
pressure dxstributions obtained for these nogzles are similar
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- to the curves for the nozzle for w/e = 1,47, The pressure
gradient along the flow axis for w/¢ =°2;64 is given in
table 4, :

TABLR 4
B (am). 0 30 | 40 60 ‘80 | 100

- P (atm) | 0,95 | 0,90 | 1.00 | 0,99 |.0,90 | 1,02 |

‘ The cross—sectional velocity distribution for the
same nozzle is shown on figure 23, Unfortunately, the
investigation of the nozzle flow for w/e = 2,64 _was
carried out at the sections near the outlet of the nozzle.
(20, 30, and 40 mm) and, as previously stated, in this
region of flow, for the nozzles computed dy the Frankl
method, a certain nonuniformity 4s observed in the veloc-
ity distribution.. As the distance from the outlet edge
increases, however, the character of the velocity distri-
bution improves, :

The lack of uniformity of the velocities at the out-
let section of the nozzle may be explained by the fact that
the back pressure at the outlet is not exactly equal to the
computation value due to the variation of the barometric
pressure, For this reason near the outlet section disturb-
ances appear which affect the character of the f£low, In
order to assure the rated operating conditions of the
Frankl nozzle it is necessary each time to choose the mag-
nitude Py as a function of the atmospheric pressure ma in-

taining the design ratio P /Pi,

As may be seen from the curves of figure 23, on ap-
proaching the boundaries, the velocitlies are not lowered
for the part of the flow investigated and the test points
lie on one line, This is evidently explained by the fact
that at large velocities in the flow region ngar the nozzle
outlet section no mixing of the gas of the boundary layer

“with-the outside-air-occurs, = The boundary layer particles
‘having a large forward velocity form as it werc a firm wall

relative to the outside medium and the flow occurs with
small friction in tho tube formed dy the surrounding air,

In passing from the computation'pressureAin the chamber
Py = R1l.5 atmospheres to 22 atmospheres the uniformity of
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the .velocities is maintained wvith a slight increase in
the velocity in absdluté value, R .

' Figures 24 and 25 show the flow spectra obtained for
w/e = 2,64 with the conical Laval nozzlé and with the
nozszle computed by Frankl, Both nozzles have the same
ratioc 4 /d and the same pressure in the chamber p =

21,5 atmospheres. In order to maintain the same external
conditions (atm pressure and air temp,) both photographs
were taken on the same day, As may be seen from the photo-
graphs, instead of the complicated system of stationary
waves formed in the flow of the conical nozzle only weak
Mach waves are observed in the Frankl nozzle, Moreover

the flow in a latter remains ecylindrical over a considerable
distance from the nozzle, In the ideal case, that is, for
étriqt maintenance of the ratio Polpi and careful polish-

ing of the walls the Frankl nozzle should not give any Mach
waves in the flow at all,

It has already been shown that to satisfy accurately
these conditions is almost impossible due to the fluctua—
tions of the gtmospherical conditions, Hence the Mach
waves in a supsrsonic flow are unavoidable; dbut their
intensity, as wmay be seen on figure 25, is very.small in
the Frankl nozzle, '

In conclusion it may be said that of the three possible
shapes considered of the second part of the nozzle; namely,
(1) the conical, (2) conoidal with cylindrical piece, and
(3) nozzle cOmputed by Frankl, the latter best satisfies
the requirements imposed on the nozzle, An example of a
nozzle computation by the Frankl method is given,

Bffect of the Divergence Angle

From what has previously been said it is clear that
the cone angle of the second part of the nozzle may Dse
elther constant along the nozzle axis or variabdle., The
most favorable nozzle froy the proint of view of the heat
.1osses should have the maximum possible divergence since
the length and surface area will then be the least,

With the objeect of investigating the effect of the
cong angle on the reaction a number of nozzles with con-—
gtant ratio da/dc = 1,73 were tested, the cone angle being

varied from 10° to 30°, ‘The pressuyre and temperature of the
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.alr. in the chamber for all tests were constant and egual:
p; = 21,56 atmospheres, T; = 273° avsolute, N
Figure 26 shows the dependence of the nozzle thrust
on the cone angle for rated and nonrated operating con-
ditiong, TFor the agsumed .initial thermodynamic parameters
of the air and . for the design conditions the most favorable
value of the cone angle evidently lies near 25°, since with
further increase in the angle the thrust gurve remains al-
most paralle}l ta the axis of abscissas, It may be stated
that the magnitude of the reaction depends very little on
the divergence of the nozzle., This conclusion agrees with
the results of the tests conducted under different condi-
tions, in particular for nonstationary flows, To arrive .
at more definite conclusions it would be necessary to con«
duct tests on nozzles with cone angle greater than 30 in
.order to determine the point of inflection of the surve of
reaction force,

~ In addition to the tests described above, measurements
were made on the reaction of the jet for a nozzle with cone
angle o = 12° ‘for various values of d,/d,, obtained by

simply shortening the same nozzle, The results are given
on figure 27, The theoretical values of the thrust Py

are computed by formula (4). The maximum test value of
the thrust was obtained for the design ratio da/dc = 1,73

_and was equal to 18,8 kilograms, TFor dfd, = 1, that ig,

in the absence of any divergence the thrust was equal to

17 kilograms, that is, only 11,0 percent less than for the
design nozzle, Therefore in working with a cold gas, when
no heating occurs, the part played by the divergence of the
nozzle in producing the thrust is relatively small,

These tests also made it possible to determine the
character of the changes in the two terms entering the
expression for the nozzle thrust (equation 4), The results
are given in figure 28 from which it is seen that with in-
creasing value of p, the value of the component nw
rapidly drops, On tadble 5 the relative values of both
components for certain values of p,; are given,

eEID | boie w_‘:’_.‘\‘ww e s L -
R B e
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. TABLE 5
p, (atm) 1 1.6 2,8 5.4 11,2
P- (kg ) 22,7 22,5 22.2 21,0 20,1
mw: P 1 0,95 | 0.89 | 0,80 0.605
falPa—Po):P | O 0,05} 0,11 0.20 0,395

As may be seen from the table the value of the static
term increases with increasing p; and for p, = 11,2
atmispheres constitutes 39,5 percent of the total thrust
of the nozzle, For the usual conditions, however, when
the lowering of the back pressure, due to inaccurate com-
putation of the nozzle or to a change in the atmospheric
conditions, does not exceed 0.5 to 0,6 atmospheres the
magnitude of the static term does not execeed 5 percent of
the total thrust of the nozzle., The total nozzle thrust
slowly decreases with increasing p, due to the losses

in the discontinuous pressure change at the nozzlg outlet.
CONCLUSIONS

The results of the conducted tests provide a basis
for certain conclusions which should be taken into account
in selecting the shape of the nozzle:

(1) The shape of the entrance part of the nozzle does
not show any large effect on the character of the flow and
therefore the choice of any particular shape is conditioned }f
chiefly by the struetural censiderations,

(2) The nozzle with exit part conoidal and ending with
a cylindrical piece gives a better velocity distribution in
the transverse and longitudinal sections of the flow than
the Laval nozzle but with regard to the static pressure dis—
tributiﬁﬁ“&t “doeg not- differ from the usual conical nozzle.

(3) The nozzle computed by the Frankl method gives a
parallel flow with uniformky digstributed velocities and
static pressures both in the transverse and longitudinal
gections, The reaction of the jet obtained with thie nozzle
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is on the average 3 to B percent greater than in the usual
nozZleé under the same- conditions,

(4) The maximum reaction is obtained for a cone angle

"of 20° to 25° and for the normal value of dg/ds, that is,

under the condition that the pressure at the outlet section
of the nozzle is equal to the pressure in the surrounding
medium, In the absence of the second part of the nozzls
the reaction is found to be 11,0 percent less than for the
computed nozzle, ‘

BXAMPLE OF NOZZLE COMPUTATION BY THE FRANKL M®RTHOD

The theoretical basis of the graphical method 6f con-
structing a nozzle of axial symmetry together with a short
discussion of its practical applications ie given in the
Frankl article (reference 4), 1In order to make this method
available not only to engineers but also to less gqualified
workers .a detailed numerical computation of & nozzle for a

velocity w = 900 meters per second is given,

The nozzle (fig, 29) is divided into four parts:

(1) The part of the nozzle in which the air is con-
ducted to the critical sectiorn,

{2) The critical section (throat) {

(3) The part between the critical section and the
streamline part of the nozzle, the generator of the SUTw
face of this part being a straight line {eome) -

(4) Streamline part of the nozzle whose generating
curve is obtained by the graphical method

The shape of the curve of the first part of the nozzle
is not computed but is chosen arbitrarily on the basis of
considerations of smooth conduction of the air to the critical
section, To compute the critical section it is necessary to

- have data on . the initial condition of the air in the chamber

b

(vefore expansion in the nozszle) and know the rate:of. dis-
charge per second through the noszle, These data are gener—
ally obtained by a preliminary computation, The initial
parameters for computing the nozzle are denoted by the follow~
ing symbols:
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mow- @ o rate of discharge of the products of cOmbustion,
kg/goc -
3 initial area of the entrance part, _mBE
Dy iﬁiﬁial pressire (pressure in the chamber), kg/cm2
vy initial specific volume Bf air, n° kg
Ty initial absoiute'tempgrature of the air
vy initial veloéity, m/sec A
With these valuas-given the area of the critical
section fc and all the thermodynamic parameters asgsociated
‘"with 1t are obtained:
Tecy Weo and vq
Since in rocket motors and in wind tunnels of large

velocity it is desirable to have velocities much greater
than the velocity of sound

Py ( )..

-— > where —

Py
With thig in mind use is made of the corresponding formulas
of the flow of gzases, given in any book on thermodynamics, .

The process of expansion of the gas in the nozzle is agssumed
to Ve adiabatic. FProm the formula’ '

G ET _ ’
r k+£> V//;+l v//;i <l)'

the area of the critical section of the nozzle may Dbe
determined, The parameters of the gas in the critical
section.are determined from the follOW1ng expressions~

i

¢ / 1 ot / k+1 .i -

K4

IM
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| ég;'pi (& > ST i
‘ ! '
Tc'% i1'<§§>' (4)
S 1
 vc.='v; (%%)f»‘ - (5)

Beyond the critical section the third part of the
nozzle begins in the form of a'diver§1ng cone, The c¢one
angle @ is generally chosen from 8° to 122, The fourth
part of tlie nozzle is gcomputed graphically, In order to
make use of the method of characteristics in constructing
the boundaries of the flow, it is necessary to Xnow the
value of the velocity in the direction of the lines of flow
at the start of the fourth part and the arsa in thig section
and the direction of the wall of the third part must be
known, Knowing the cone angle the position of the wall of
the third part 1s determined and therefore also the direction
of the streamlines at the beginning of the fourth part of
the nozzle.

Taking any section =x at a certain distance from the
critical section and being given the ratio of the velocity
L in the section =x to the velocity in the eritical
section w,, that is, wy/w the area of the nozzle at
section x° is found, that {8, at the beginning of the
fourth part from the following relations-

We V R
fg = £, =% X (6)
‘ Ve Vo o : :
or
Gv
i S e e

- The entire graphical computation of the nozzle is con-

ducted with the aid of two graphs; (1) the vector diagram of
\ ' .

>
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the velocities in the system of coordinates Vry Vg,

the radial velocities being laid off on the - vy, - axis..
and the axial velocities on the vz axis, and (2) the
graph of the axial section of the nozzle (half of it) in
the system of coordinates r, 2, the axis 2 coinciding
with the axis of symmetry of the nozzle and r Ybeing the
variable radius of the inner surface of the nozzle, The
direction of the Mach lines is laid off from this curve,.

)

The direction of the Mach lines is determined from
the Prandtl —.Busemann method with the aid of a rotating
semi-ellipse made of a transparent material (celluloid or

. tracing paper), The semiaxes,of the ellipse (fig, 30)

@ e g e

are a = 1 and b = v/%i% where Xk is the specific heat

ratio'(for diatomic gases k = cp/c = 1,405), For the

value a = 1 any linear magnitude (100, 200 mm,etc,) may
be assumed with the condition, however, that the scale

of the ellipse and velocity diagrams should be the same,
The scale of the geometric parameters of the nozzle is not
connected with the scaleg of the ellipse and velocity dia-
grams, In general the entire construction, both the vector
@iagram and the axial cross—section of the nozzle may be
made in absolute units,

In constructing the wall of the fourth :part of the
nozzle the condition is assumed that the streamlines at
the initial section of this part (section x) are straight
and radially directed from the point of intersection of
the nozzle axis with the direction of the walls of ths
third part, The potential line in this case will be an
arc of a circle with its center at the point of intergection
of the streamlines, The radius of this arc in the coordi-
nates vpvy will, therefore, bPs equal to the chosen ratio
wyx/w, (assumed scale) and in the coordinates r, z its
value is determined by the diameter of the critical section
and the divergence angle of the .nozzle,

After déetermination of the magnitude and directiogﬂéf

~the Yelocity in the intial section of the fourth part of

the nozzle, proéced to the graphical construction 9f the
walls of this part, )

For greater clearness the illustrative computation
with numerical data is made, The nozzlg is designed to
give a flow with the follcwing parameterss
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. 2
Py =.1.033 kg/om _static pressure in the £1low

T, = 388° abs,  temperature of the air in the flow co
Vg = Q.815”m3/kg | ‘Specitic‘volumo of the air in flow
w % 900 ﬁ/;éc ,véloéity of the flow
G = 1,6 kg/soec rate of discharze of alr through ﬁhe
: B no%%zle A
Then .. .
| CIAL PR 5 X 0,213 - '1;‘:36' x 1073 2

a w 900
whence

a4, = 41,6 mm £ 42 mu.

v The thermodynamic parameters of ths alr in the chamber
(before expansion in the nozzls) is determined

T T -
Ti = ‘—-1;%‘{ = 6910 abs.

¢ E

1 N l v
vi-v eE = 0,09125 mslkg

~.U:764> + 1J =21.5 atm.l

where .
e =22 ang k= 1.401
Pj
Wim. wJSince wi is &EE&} by comparison vith We and wy
it is naglected in what follows.""‘ T TR T e

V

Enowing the initial conditions the geometric and
thermodynamic parameters in the c¢ritical scction with the

‘aid of formulas (1) to (5) may be determined, Carrying out

the corresponding cnmputations

= o 000404 m’
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%&q.:,nhgﬁcewi,”v\ N - P
: Ny AN
w_ = 481 m/sec

2
Pp = 11.85 kg/en
v, = 0,144 n° /ke

To determine the parameters at the start of the
fourth part, that is, at sectlon =x there is assumed

w
~ZX.= 1,05, 1e, e = 1,06 w, = 505 m/sec
e
Then : w5
w 2
Py =Py |1 - Z.. = 10,6 kg/cm®

et

Ve =V (P ) = 0,1505 m [keg
&

The arca at section x will be

Gv
f = e = 456 mm=
x

vhence
Ay = 24,2 mnm-- - -
" 1, Proceeding to the graphical construcétion of the

wall of the fourth part of the nozzle prepare a semiellipse
of the type shown on figure 3Q on a special sheet of tracing
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100 millimeters and

_ﬂpapar, It 1s assumed that a=1=
I K+ 1,4+ 1 o .
the semlaxis b = — X = 2,45 unitg, that is,
k-1 1,4-1 L :

b = 245 millimeters,

2., On a separate sheet of paper draw the coordinate

axes V., V {the vector diagram of the velocities, fig,
31). From point O draw a straight line at the angle
af2 = 6° With radius r = 1,05 = 105 millimeters and

center 0 an arc intersectihg the v, axis is described,

The wezment of the arc incliuded in the sector with angle
a/2 gives the velocity digtribution at the initial section
of the fourth part, On thig arec points 1, 2, and 3% are
arbitrarily denoted, The lines 01, O~2 and 03 ars -
the velocity vectors for this sectiOn.

Sinmultaneously with the construction of the vector

velocity diagram construct the upper half of the axial

section of the nozzles (fig, 32) bearing in mind that the
points on the graph of figure 32 and the end of the corre

sponding vectors in figure 31 are denoted by the same figure,

3. Determine the Mach linee passing through the points
1, 2, and 3 {(fig, 32), PFor this purpose the semiellipse
(on tracing paper) is placed with its center (point 0) on
point O on figure 31 (fastened with & pin)., On rotating
the semiellipse about its center find the position for
which the curve of the ellipse falls on point 1 (there

- may be two such postions), the direction of the Mach line

is drawn parallel to the major semiaxis (b) through point
1, figure 32, 1In the same manner determine the direction
of the Mach lines through points 2 and 3, At these points
the Mach lines are drawn for two directions according to
the two possible positions of the major axis of the semi-
ellipse, Point 4 (fig, 32) is obtained as the point of
intersection of the Mach lines through points 2 and 3 and
point 5 as the point of intersection of the Mach linss
through points 1 and 2, ‘

e 4w )The velocities _at the points 4 and 5 are determined

in the following manner: through point 2 (fig, B1) draw a

straight line parallel to the second Mach line passing
through the point 3 (but not 3 to 4), On the line drawn
through point 2 (fig, 31) take a segment egual to § =

a VrdB/W r,_ where w ig the velocity at point 2 (egual
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40 't’h-e'~ve'éton _O_E)’ L a.=. /%l—g;z:l w2 the velocity of

sound at this point, v, the component of the velocity

along the normal to the axis, r the distance of poiant 2
{fige. 32) from the axis, and ds the magnitude of the
segment 2<% (fig. 22). For point & the segment & 1is
determined in the same way, JIn computing a the value
of w 1is determined from the vector diagram in linear
unite and to the same scale to which the diagrams are
drawn, The magnitudes r and ds are determined on the
diagram in millimeters; v, 1s measured from the graph
of figure 31 with account taken of the scale, :

The gquestion as to the direction in which the segment
§ should be 1laid off is solved by the following rule of
signs, The segment & 13 laid off to the right, that i,
the projection of the vector 8 on the v axis has a2
positive direction in case the produet v, 4, (vzza.az)

i1s posgitive; otherwise the segment § 1& laid off to the
left,

The magnitude dz igs the axial component of the

velocity (fig. 32), PFor example, for point 2 (fig. 321)
dz 1s equal to the segment 2-4 (in the general case 4,

is equal to the vector from the point at which the velocity
is known to the point where it is sought), For the point

2 the magnitude vy 4is positive, the values v_? — a® and-

dg are also positive and therefore the segment is pcsitive.
The same is trus for point S.f

At the ends the segments 8§ are drawn perpendiculsar
with intersection point 4 (fig, 31), Connecting point 4
with the origin of coordinates the vector O - 4 which
determines the velocity at point 4 _(fig, 21) is obtained,
To determine the velocity vector 0 ~ 5 (fig, 31) it is
i1s necegsary to determine. the value of the segment § at
point 1, ¥For the center of the jet r =0 and vy = 0,

‘Hence to determine point 5 the values of vy and r are
’assﬁﬁéd’fha”same'as'fo,,thaaheighhpngggwpgipﬁ*gﬁﬂ

5. Determine, by the method already described, the
Mach lines through the points 4 and 5. (fig, 32), The
point 6 (fig, 32) iw determined as the point of intersec—
tion of the Mach line through point 5 with the 'z axis
and point 7 as the point of intersection of the Mach linas
through points 4 and 5,
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- B Detérmine the velocities at points 6 and 7,

- Through point 4 (fig, Bl) draw a straight line parallel

to 47 (fig, 32) and parallel t& the Mach line through -
point 4 (fig, B32), Draw. through point 5 (fig, 31) par-
alels 57 and 56 (fiz, 32), On the straight lines lay off

- the segments &, From the ends of the segments & draw

straight lines normal to them, the intersection of which
gives pointe 6 and 7, The vectors 06 and 07 are the vector
velocities at points 6 and 7 (fig, 32).‘ : :

f?. Determine the Mach'ltnes through points 6 and 7
(fig, 32), Point 8 is determined 23 the point of intersec
tion of thé Mmch lines through points 6 and 7,

8, Determine the velocity at point 8 (fig, 3Z2), ZPor
this purpose draw through point 7 (fig, 31) a straight
line parallel te the Mach line ‘through point 7 (but not 78);
through point & (fig. 31) a parallel to the Mach line through
point & (but not 88), On the straight lines lay off the seg-

ments 8, It should Ve noted that at point 6 the value Ve =

0 = r hence the valug of 5 for point 6 is taken correspond-
ing to point 7, From the ends of & draw straight lines per—
pendicular to §., Their intersection will give point 8 (fige

T Bl).

2, Determine the Mach lines through point 8 (fig, ?2),7
Point 9 is determined ae the point of intersection of the
Mach line through point 8 with the axis,

10, Determine the velocity at point 9, For this pur-
pose through point 8 (fig, Bl) draw a stralght line parallel
to the line through point 8 (fig, %2) (not €3), On this

8traight line lay off the segment 8§, From the' ends of the

Bogment & and perpendicnler to the latter draw a straight
line whose intersection with the vz axis will give point 9,

Having detormined point 9 the charmctor of the flow 1n

the entire triangle of definition-1, 3, and 9 is obtained,

that 1s, that part of the flow whigh is entirely determined

by the distribution of the velocity in the initial section

and on which the part of the wall lying to the right of the
initial section has no offect,

fog i e

Next solve the problem of what shape it is necessary
to give the nogzle wall for a given velocity distribution
at the initial section in order to obtain, at the outlet
sectlion, a velocity constant in magnitude and direction,
This velocity should be equal to the velocity at the point
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9 .and, therefors, the Mach 11ne from point 9 will be straight,

11, Draw the Mach line through point 9 (fig. "2). on
it take a number of points denoted by 9 with a subscript,
The walocities at these points will all agree with the

vector 09 (fig. 31),

12, Determine the point 10 which is the point of
intersection of the Mach line through 8 and the second
point 9.

~-18, Dotermine the velocity at point 10, - To do this,
draw through point 8 (fige B1) a straight 1ine parallel to

89 (fig. 32) and on it lay off the segment &, From the
end of the latter draw a perpendigular line to intersect
with the straight line from point 9, The point of interw
section will be the end of the velocity vector at point
10,

14, Determine the point 11 (fig, 52),which is the
point of intersection of the lach lines through points
7 and 10,

15, Determine the velocity at point 11, The vector

B e e

0 — 11 is the velocity veector at point 11,

16, Determine point 12 (fig, 32),which 18 the point
of intersection of the Mach lines through points 4 and 11,
Determine the velccity at point 12, Fur thig purpose draw
through point 4 (< Jﬁa 31) a straight line parallel to¢ tho
gegment 47 (fig. 2%) and througk point 11 & line parallel

- to the segment $“~ ll. The vector 0 — 13 determines the
- wvelacity at point 12,

17, Determine point 13 (fig, 32),the point of inter—
section of the Mach lines through pointe 10 and 9,

e et e o g it

The vector 0 - 13 4is the VBlOClty vector at point 13

. (points 18 and 10 (fig. ?1) practically coincided),

b m:'ﬁ:‘»wﬁ:‘;:r‘d\»—v “a

19, Determine point 14 (fig. #2), which 1% the polnt
of intersection of the Mach lines through points 11 and 13,

20, Determing the veloecity at point 14, For this pur—
pose through point 11 (fig, 31) draw a line parallel to
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_ 10 - 11 (fig. 18) and through point 13 (fiz. %1) draw

a line ‘parallel to 16 — 13 (fige 32),

21, Determine the point 15 (figs 32) which is the
point of interseétion of the Mach lines_through 13 and 9,

Thus a sufficient number of points in the angular
space B399-have been determined.

22, The generator of the wall ia obtained in the
following mehner: through point 3 (fig, 32) draw a straight
line in the radial direction, that is§, prolong_the wall of
the third part to intersect with the segment 4 — 12 and the
point of intersection a is obtainedy :

The velocity at point a is_ obtained by linear inter—
polation, that is, the segment 4 — 12 (fig, 31) is divided
in the same ratio in which a divides the segment 4 — 12
{(fig, 32)s The vector va (fig, %1) thus obtained gives the
direction of the following segment of the wall gensrator to
the intersgection with 117 =712 which is drawn in figure 32
parallel to the segment oa, and so forth, prolonged to
intersect with the line 99 and the latter point of inter-
section gives us the outlet section, TFor greater clarity
the point- a and simllar points are not shown on the dia-
gram,

The resultas of the computation by the graphical con-
struction are collected in a table, The velocity w, cb-
tained at the outlet section, may be less than or greater
than the velocity which must be obtained since the ratio

 Wx/ws: was arbitrarily assumed, Assuming, successively,

the values wx/wc = 0,2, 1,5, 1,8, and so forth, w/w¢ is
obtained for each ratio wy/w,, From the obtained values
of w/we for different wy/w, draw the curve of w/w, as
a function of wx/we (fig, B3)s From the curve find the
values of wg/w, required for the given veloecity, As may
be seen from the curve, for w/ws = 900/481 = 1,87 the
value of wyf/we = 1,67, It should be noted that the curvg
on figure 33 igs true only for the divergence angle =
and ‘for-the dtscharge rate . 6 =.1,5 kg/sec. . agssumed in the
computation, The vector velocity diagram and the nozzle

‘section obtained for the given veloclty with wy/w,=1,67

are shown in figure 34, The equivalent Laval nozzle (the”
straight line generating the wall) is shown dotted, A
. . J,?[;,:/'

Translation by S, Reiss,-
National Advisory Committee
for Aeronautiocs,
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Figure l.~ Apparatus for measuring
the impulse of a jet with
dynamometer and disk,.
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Figs. 4,10,11,16

_ - ~Sectian through AB

- Figure 4.-
A battery
A 70 manomerer: of Pitot

tubes.

Figu-re 10.—
Scheme of
two—dimen—
sional
supersonic
flow for
pa>-po-

Figure 1ll.”
Scheme of
two—dimen—
sional
supersonic
flow for

pa<po‘

Figure 186.—
Sketches of
nozzles for
studying the
effect of the
inlet part.
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Figure 9.~ Two dimensional supersonic flow,
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Flgure 6. Mounting of static
-fube in-flow..

Figure 13.— ‘Spectrum of.flow

showing sucked
in air.

Figure 24;% Flow spectrum for TFigure

25.— Flow spectrum for
. ' the conical nozzle,

the Frankl nozzle.
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Figure 13.~ Skeitch of conical

Figs. 13,14,15.

nozzle.
Figure 14.- Dis- 1'5: } !
tribution of ;
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Figure 17.- Curves of variation ¢f the static pressure and ve-
locity for the Stanton nozzle.
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nozzle was computed for 1,00 s -
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[\'/W.. Figure 20.- Contour of nozzle constructed
, , by the method of Prof, Frankl.
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Figure 26,~ Depsndence of the reaction
) of the jet on the diver-
gence angle of the nozzle.
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Figure 29.- Wozzle contour.
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Figure 31l.~ Ve 1odity vector diagram,
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Figure 32.— Axial section of the nozzle.
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Figﬁré 34.—~ Vector veloclty di'agram and axial section of the
nozzle for w = 900 m/sec.
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